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ABSTRACT

Magnetic properties of the rare earth metals diffar many
aspects, from those of other metals in the ogigi table of
elements. A most amazing effect arises, whenrabe¢ectrons
are put together and are treated oae many-particle system.
By virtue of their Fermionic character, an addidbn
interaction occurs named as Exchange. This interactisna
consequence of the fact, that two identical tiplas cannot
be distinguished imquanum Physics Note that there is a
crucial difference between rare earth metals amdnsition
metals although both species possess open inebs,s#f shells
in the case of rare earths, and 3d, 4d or ®lisshespectively
in the case oftransition metals. The latter are rather
delocalized and their wave functions reach famough, to
overlap with the respective neighboringvave functions
whereas 4f electrons of rare earth ion cores alig focalized.
Exchange interaction between tlealized spins of 4f shells
is an indirect one, being mediated by the 6s ahdyailable,
the 5d conduction electrons. Jmint out theprominert part
of rare earths among the magnetic metals, a new approac
with electronic structure of the rare earth3+ ion cores and
indirect exchange between their localized magnetaments in
the metal is described.Finally, the magneticstructure of
holmium is discussedWhere it has been found that rare
earth metals, conduction electrons play the iafupart in
magnetic ordering &he structureof the localized magnetic
moments matches experimentally as well as thealyic
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1. INTRODUCTION discussed, the crucial difference to the
transition metals shall be pointed out. Both
Magnetic properties of the rare eartlspecies possess open inner shells, 4f shells in
metals differ, in many aspects, from those ahe case of rare earths, and 3d, 4d or 5d
other metals in the periodic table ofhells respectively in the case of transition
elements. In metallic elements leavingnetals. The latter are rather delocalized.
magnetic ordering aside, there may be fourheir wave functions reach far enough, to
possible  contributions to  magneticoverlap with the respective neighboring
susceptibility in a metal: lon coreswave functions. The term inner shell is
contribute, depending on their electronicomewhat misleading in the case of the
structure, with diamagnetic and in soméransition metals. Magnetic orderinig
cases with paramagnetic momeéntssuch d-systems is contributed to exchange
Conduction electrons always contribute withnteraction between the spins of these
bottf. In a rough classification, metals caroverlapping shell.
either have closed or open ion-core electron The Crystal field splitting is
shells. Those with open core-shells can beegligible against the separation of the
further subdivided into transition metalsspin-multiplet states. For the 4f levels
with open d shells, and lanthanides anthere is no overlap with the neighborhood,
actinides respectively having open f shellsand the states of the free atom remain
In this strict definition, the lanthanides andargely intact. Exchange interaction between
actinides would only range from cerium(i.ethe localized spins of 4f shells is an indirect
thorium) to thulium (i.e. mendelevium).one, being mediated by the 6s and, if
Lanthanum, yterbium and lutetiumavailable, the 5d conduction electrons. To
as well as actinium, nobelium Lawrenciunpoint out the prominent part of rare earths
have filled shells. Nevertheless, inamong the magnetic metals, a new approach
Mendeleev's periodic table they  are with electronic structure of the rare earth 3+
accounted for the lanthanides and actinidésn cores and indirect exchange between
due to their very similar chemical propertiegheir localized magnetic moments in the
with respect to magnetism, they differmetal is described. Finally, the magnetic
dramatically. The fraction of transition structure of holmium is discussed.
metals includes the elements between third
and tenth period. Copper, silver and gol@. MAGNETISM IN RARE EARTH
have closed d shells, and thus do not belong METALS
to the transition metals according to their
magnetic properties. They also owe their The rare earth metals feature a
prominent position only to their valence-rich variety of magnetic ordering schemes.
electron configuration. Before the magnetidThey owe their prominent position
properties of rare earth metals aramong the magnetic elements to their
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localized magnetic moments, which inter:
indirectly via conduction bands. Vhin their
period, the magnetic moments of the 1
earth atoms are tuned with increasing ato
number. The interplay of local magne
moments, spatial electron distribution ¢
periodic exchange coupling nurtu® exotic
magnetic structures, culmating in the
conehelical ordering of holmium. As
exchange interaction is strongly influent
by the shape of the Fermi surface, th
extraordinary magnetic properties are
reflected in the electron transport propert
Optical properties carbe investigated ¢
different temperatures. Note that in cont
to the state of affairs within transition met
the 4f electrons of rare earth ion cores
fully localized and surrounded by the fill
5s and 5p shells they are well screened 1
the surounding lattice.(see figure.
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Figure 1: Radial distribution of the electronic
wave functions in gadoliniunt!. The open 4f
shells are screened by theclosec 5s and 5p
shells. Ryy.s.is the half inter-ionic distance in

the metal. Thus there is awide overlap between
the neighboring 5d and 6s was functions.

2.1 3+ Iron Cores

In the metallic state rare earths |
to occur as trivalent ion cores, each of

180

atoms contributing with three electrons

the metallic bonding. One of the inner 4
electrons is promoted to a band state

participates in the metallic bonding, togett
with the two 6s (and the 5d, if presel
electrons. Exceptions are ceriuC e4+ ),

europiumgu2+) and ytterbium Y 2+).

They step out of theine, as a completel
empty or a completely filled 4f shell

energetically most favorable (Hund’'s Rul

For magnetism the closed inner shells ar
no importance, as their net magne
moments cancel out. Valence electrc
only accountdr a small fraction of magnet
susceptibility,although they are tl essential
mediators of exchange in the ordel
states. Thus, the A4f electron shells

protagonists in terms of the magne
moment. Their occupation with increas

atomic number within the period of the re
earth elements perfectly displays t
validity of the Pauli principle and Hunc
rules. The total angular momentum of

4f electrons can be determined accordin

Russel-Saunders  coupling.All  orbital

angdar momenta lj all electrons ai
coupled via Coulomb interaction to a to
orbital momentum LL, while all spins S

are separately coupled by excha

interaction to the total spin momentun

The degeneracy of the different possibl

multiplets is lifted. In the case of a less th
halffilled shell the multiplet with th

lowest quantum number J has the lov

energy (i.eJ =L - S). For more than he

filled shells it is the other way around (i

J=L+9 [7]. Table 1 shows ti respective
quantum numbers for the rare earth me
series. The Land’e factor in the case

Russel-Saunders coupling:is

g=3/2+S(S+1)-L(L+1)/2J(J+1)
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The energetic distance of the lowesTable 1: Quantum numbers and Lance
lying multiplet to the next higher one idfactors for the rare earth 3+ ions. The
large. At room temperature only the groun@xperimental data for the paramagnetic
state is occupied .Thus the contribution off@gnetization per atom in units ofuB for the
Van Vleck paramagnetism to the tota eavy rare earths coincide well with the

. . . ““theoretical value$.
paramagnetic moment, i.e. the admixture

of the ground state multiplet with higher—zerz—"1T573 g | G | pd™
ones, is negligible (exceptions: samarium lon (@
and europi oy | ke
pium [9]. When the total +1)
angular momentum of the shell is known 2
the paramagnetic moment of the ion is O |La |0O0O]O
1 [Ce | 31]|5 |6 |254 | 251
u=geJ i.e.|n|= gueJU + 1) 2|2 |7
2 |Pr |5 1[4 |4 |358 ] 256
In the case of heavy rare earth 5
metals, the theoretically predicted values3 Nd [ 6/3 |9 |8 |362 | 34
are only slightly lower than the measure 212 |11
ones. This is due to a contribution of the 4 | Pm | §2 |4 53 2.68
conduction elgc t.rons. For hlgh'ﬁ5 sm 8515 [3 |08 [ 174
temperatures, i.e. in the paramagnetic 515 |7
regime, the magnetic susceptibility of rarg g £, 1 3[3 [0
earth metals can be well estimated by a7 [ Gd [ o7 |7 |2 | 7.94 | 7.98
Curie-Weiss law’. 2|2
o o 8 |Tb |3/3|6 |3 |9.72] 977
X= N u'Bg J(J+1)/3Ks(T-6) 2
Here,N is the number of atomguB is the 9 | Dy |5 g ;—5 % 20'6 10.83
Bohr magneton, kB is the Boltz- mann 157y (¢ 2 [8 |5 | 106 | 11.02
factor, T is the temperature, and is the 4 |1
Curie temperature. 11 | Er | 63 |15|6 |9.85 | 9.9
212 |5
2.2 Magnetic Interactions 121 Tm | 51 |6 57 7.56 | 7.61
The importance of exchange 131 Yb |3 % % %
interaction  for the ordering of spin =TT, To0 o

magnetic moments has shown that i
contrast to the transitic_)n metals there is N8, .« Earth Band Electrons

overlap of the magnetic 4f states between

neighbors and nevertheless ordering occurs. The 5d and 6s electron states of the
In rare earth magnetism the conductiorare earth metals have a considerably
electrons play a chief part in mediatinchigher energy, than the 4f statesAE(
exchange interaction between the magnetapproximately 10 eV). The latter lie within
ion sites. the ion core, well screened by the closed
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5s and 5f shells. Figure shows the
position probability of the respecti
states in the case of gadolinium. -~
marked atomic radius implies a wi
overlap for the outer shells, which results
the formation of a broad-d conduction
band. As already noted, the heavy rare
earth metals it was assumed, that on
the 4f electrons is promoted into a d sta
This assumption is justified by a multitu
of experimental results from crys-

structure, meltinggoint ol heat-of-
sublimation measurementsEarly band
structure calculatiod$do not account fc
any influence of 4f states on conducti
bands. More recent publications incl
the 4f states in the band structure, and m

the splitting of the 4f states into fractio
of localizedand band electrons. They all
ab initio calculation of the contribution

4f levels to valency. The results predic

hybridization between 4f and 6s leve
This can lead to extraordinary high densit
of states just above the Fermi el. This
increased density of states was confirr
by the farinfrared measurements, presen
in this work.

RKKY Interactions

Indirect (RKKY) exchange in rai
earth metals acts in two steps. A locali
spin magnetic moment polarizes
surrounding conduction electron spins
they, in turn, polarize the neneighbour
local spin moments. Exchange interon
between the 4f and the band electroi-f or
s-d interactiort?*® is promoted by the larc
overlap of the respective wave functio
and plays a fundamental part also in o
physical problems like the Kondo effe
Ruderman and Kitt# first developed the

182

idea of indirect exchange interaction for
coupling of nuclear magnetic moments
metals. Kasuya and Yosida applied tr
considerations on rare earth and trans
metal systents.
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Figure 2: Hexagonal close packed cryst:
structure of holmium and the anisotropic charge
cloud of the 4f electron niveau®.
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Figure. 3: Below 133 K holmium orders in a
basal-plane antiferromagnetic helical structure
(right).The ferro-cone helix structure shapes
below 20 K(left).
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Figure 4: Magnetization ofholmium in the three
directions of the hcp crystal lattice at diffeent
Temperatures’®. From top to bottom: (1000),
(0110), and (0001)
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Magnetic Structure of Holmium

All heavy rare earth metals form
hexagonal close packed (hcp)tice (2).
They show an amazing variety of magne
structures. The interplay of oscillatir
indirect exchange and sstructured Fe
surface leads to a strongly anisotro
magnetic interactioh’®  Figure.2 show
the 4felectron charge clouds ia free ion.
They constitute a pronounced elec
multipole. The electrostatic crystal field
hexagonal symmetry alters these pc
orbitals and, via spiofrbit  coupling,
strongly promotes exchange anisotrop
Oscillations of RKKY exchage interaction
with ionic distance allows for fe
romagnetic, as well as antiferromagne
ordering. ready above the Neel tempera
as for example transport measureme
(heat ancelectric conduction) reveal. TI
antiferromagnetic spin strtige is a bast
plane helix.

RESULTS AND DISCUSSION

As shown in figure 3, all spins a
aligned within each basal plane. Wh
propagating towards axis direction
(perpendicular to the basal planes),
collective spin direction is turn from
plane to plane for a certain angle. J
below N'eel temperature this turning an
is about 50 and it decreases to abour at
4.2 K. The helical structure tends to
commensurable with the lattice. At 4.2 k
has a periodicity of 12 phes. At 20 K ther
occurs a secondrder phase transition
ferromagnetic ordering. The basal plar
arrangement stays the same but all morr
are tilted out of the plane to form a fe-
cone helix. The opening angle of the co
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is about 80 (see figure 3). The out-of-2. J.
plane component of the magnetic moment

per atom at 4.2 Kis 1B while the in-
plane component takes a value of A5.

Easy axis is the in-plane b-direction (1010)3.
Application of a field yields a saturation

magnetization in that direction of 10.38.
It is slightly larger, than
expected from the ionic momemt(= 10).
Application
deviating

enforces an alignment along the latter
high enough fields. Thus the

of Strandburg, Legvold,

(0110), and (0001).
In rare earth metals,
ordering. The structure of the

by neutron scattering experimefitsThe

"deep-in” band struture was explored by
photoemissioli. Both the studies shows 10.
similar results to that of above magnetization

properties.
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